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To simplify the in situ mesocosm (ISM) design given in Schlag (1999), a 
modified ISM was designed and built in which a 6-inch long sand point replaces 
three 16-inch diameter screens. The modified design also includes an optional 
submersible pump mounted on top of the ISM chamber, making it capable of 
applications at depths greater than those attainable using a peristaltic pump from 
the ground surface. Two ISMs, one the original design (0-ISM) and the other the 
modified design (M-ISM) with an optional submersible pump, were installed in the 
Karlsruhe aquifer, near Minot, ND, in late June, 2003. Tracer tests were initiated 
in both ISMs to monitor denitrification rates at the two sites. The analytical 
results of water samples collected from the two ISMs showed no evidence of 
denitrification in the 0-ISM. However, the analytical results showed that the M-
ISM had a first-order denitrification rate constant (r2 = 0.99) of 0.0031/day with 
organic carbon, ferrous iron, and sulfide as the apparent electron donors. The 
submersible pump experienced a minor electrical problem, but showed promise 






















Stainless steel chambers called in situ microcosms have been found to 
provide a practical means by which to conduct tracer tests in shallow 
groundwater studies of chemical processes. Gillham et al. (1990) used a 1.9-L in 
situ microcosm to effectively isolate a portion of an aquifer from advection while 
conducting a tracer test for denitrification. Gillham and his co-authors concluded 
that the in situ microcosm provided a "major advantage" over previous tracer test 
methods by reducing the required time and equipment, and simplifying the 
interpretation of the tracer test results. Citing the success of the in situ 
microcosm described by Gillham et al. (1990), Bates and Spalding (1998) 
conducted a denitrification study in which a group of six 11-L in situ microcosms 
were installed 4.6-m apart in an aquifer. As a result of their study, Bates and 
Spalding described the in situ microcosm as a practical piece of equipment, 
capable of producing consistent results that are representative of aquifer 
den itrification. 
While the studies by Gillham et al. ( 1990) and Bates and Spaulding ( 1998) 
demonstrated that the in situ microcosm was useful, their size limited the 
duration of the tracer tests and the volume of water that could be sampled. 
Schlag (1999) conducted a denitrification study using two larger, 186-L chambers 





















accommodate a monthly sampling schedule lasting two years. The longer 
testing period allowed the observation of relatively slow aquifer denitrification 
reactions while larger sample volumes allowed a comprehensive water analysis 
of each sample. Later, 14 additional ISMs were installed to study aquifer 
denitrification processes at eight more sites in Minnesota and North Dakota. 
More ISM installations have been discussed for sites in Manitoba, Montana, 
North Dakota, and South Dakota. 
While the original ISM design produced good results, there are aspects of 
the design that could be changed to ease construction and expand its 
capabilities. One disadvantage of the original ISM is that its use is restricted to 
aquifers with shallow water tables because sampling must be done with a 
peristaltic pump on the ground surface. A peristaltic pump, using vacuum 
pressures, is unable to draw water from depths beyond approximately 25 feet 
below the ground surface. Consequently, aquifers with water tables at depths 
greater than about 25 feet have been excluded from ISM denitrification tracer 
tests. Because denitrification is suspected to occur at these depths (Korom, 
1992), the North Dakota State Water Commission (NDSWC) and the North 
Dakota Department of Health (NDDH) have expressed interest in an ISM design 
that would facilitate denitrification tracer tests at depths greater than 25 feet 
below the ground surface. 
The original ISM design (Figures 1 and 2) also uses a three-screen 
assembly that spans the inside diameter of the top of the chamber. The purpose 
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sediments in the ISM and to prevent excessive disturbance of sediments during 
sampling (Schlag, 1999). While this screen assembly has given good results 
(Schlag, 1999; Korom et al., in review), it is labor-intensive to construct. 
This thesis presents the design, construction and use of an ISM based on 
the design of the ISMs described in Schlag (1999) and Korom et al. (in review), 
but with two modifications: 
(1) A 6-inch long sand point was used in the modified design in place of the 
three screens in the main chamber (compare Figures 1 and 3) of the 
original design to simplify the construction of the ISM by reducing the 
material and time required for construction. 
(2) A dedicated submersible pump was added to the top of the modified ISM 
main chamber (Figures 3 and 4) to allow the modified ISM to be used in 
deeper applications than those attainable with a peristaltic pump. 
The objective was to determine if these modifications would adversely affect 
tracer test performance. 
An ISM with the modifications listed above was constructed and installed 
in a shallow aquifer as part of the network of ISMs described in Korom et al., (in 
review). A tracer test was initiated in the ISM and water samples were collected 
and analyzed. The results were compared to the analyses of water samples 
from the other ISMs in the network, which were all constructed according to the 
original design. The comparison suggests that the modified design produced a 
higher rate of dilution of the tracer test than that of the original design; however 






















Cut away view of the 
6.4-cm (2.5") outer riser 
------ pipe containing the pump 
housing 
,..,._ __ _..... __ Sand point 
ISM chamber 
152-cm (60.0") 
i+- 40.6-cm (16.0") O.D. --+1 





















_...-- Coupler connecting to 
~ 1.9-cm (0. 75") inner riser pipe 
...,._---Top endcap including the bulkhead 
------Submersible pump 
ic.:::::::-----:=ii Pump Inlet 
-----Pump housing 
·----Bottom endcap 
..,.._----Nipple connecting to sand point 





















aquifer denitrification data were produced by the modified ISM and are presented 
herein. A blown fuse in the dedicated submersible pump controller caused a 
minor problem. However, after replacement of the fuse, the pump continued to 
perform satisfactorily for the rest of the initial tracer test and through the initiation 





















MATERIALS AND METHODS 
To compare the time of construction, cost of materials, and performance, 
two ISMs were built. The first ISM was constructed according to the original 
design and construction procedures described by Schlag (1999); thus, it will be 
herein referred to as the 0-ISM (see Figures 1 and 2). The second ISM differed 
from the first in that the three screens in the 0-ISM were replaced with a 6-inch 
sand point and a dedicated submersible pump was added to the top of the ISM 
chamber (see Figures 3 and 4). Because it was modified, the second ISM will be 
referred to in this paper as the M-ISM. Construction methods specific to the sand 
point modification and the optional pump assembly for the M-ISM are given 
below. 
Design and Construction of the M-ISM 
As was the case when the original ISMs were built, it was preferable to 
use 316 grade stainless steel components, especially in those areas that come in 
contact with aquifer sediments and water involved in the tracer test (Schlag, 
1999). However, such components were not always available. The sand point 
purchased for the M-ISM for example, was constructed of both 304 and 316 
stainless steel. When 316 grade stainless steel components were not available, 
304 grade stainless steel components were used. All welding was done with a 





















Top Plate Assembly 
The top plate for the M-ISM began with a round, 0.64-cm (0.25") thick 
stainless steel plate that was 40.6-cm (16.0") in diameter. A 5.7-cm (2.25") hole 
was drilled in its center to allow a 5.1-cm (2.0") coupler to be inserted through the 
plate and welded flush with the plate bottom. To create a place for the sand 
point to connect to the top plate, a donut-shaped piece of 0.64-cm (0.25") thick 
stainless steel plate with a 3.2-cm {1.25") hole drilled in its center was welded 
inside and flush with the bottom of the 5.1-cm (2.0") coupler. To complete the 
top plate assembly, the sand point was inserted into and flush with the top of the 
donut hole and welded in place. The completed top plate assembly was then 
positioned on top of the ISM chamber with the sand point pointed down inside 
the chamber and welded in place. 
Pump Housing Assembly 
The pump housing was constructed of a 25.4-cm (10.0") long piece of 3.8-
cm (1.5") diameter schedule 10 pipe that was threaded on both ends. An end 
cap for the bottom of the housing was constructed by welding a round 0.64-cm 
(0.25") thick plate with a 1.9-cm (0.75") hole drilled in its center to the end of a 
3.8-cm {1.5") coupler. One end of a 15.2-cm (6.0") long piece of 1.9-cm (0.75") 
diameter schedule 10 pipe was welded to this plate and threaded on the other 
end to serve as a nipple to connect to the sand point. 
To keep water from rising above the pump cavity in the 1.9-cm (0.75") 
inner riser pipe, a bulkhead was constructed by welding a round piece of 0.64-cm 





















were drilled in the bulkhead to allow power cords and the sample tube to connect 
to the pump in the pump housing. A 10.2-cm (4.0") long piece of 3.8-cm (1.5") 
diameter schedule 10 pipe, threaded on both ends, connected to the bulkhead 
coupler. For the top of the pump housing a second end cap was constructed 
with a 1.9-cm (0.75") coupler welded on the end to connect to the 1.9-cm (0.75") 
inner riser pipe. 
Submersible Pump 
The pump used in the M-ISM was a Proactive Industries Mini-Typhoon™ 
submersible groundwater pump. It is a centripetal force pump with a 2.54-cm 
(1.0") inlet and a 0.95-cm (0.375") I.D. discharge outlet. It is powered by direct 
current supplied through a variable speed controller that connects to a 12-volt 
automotive or marine battery. The controller allows the user to turn the power off 
and on using a toggle switch and to vary the speed of the pump with a rheostat 
dial. The pump was placed into the pump housing and its power cords and 
output tube were threaded through the bulkhead. A silicone sealant was applied 
to the holes in the bulkhead where the power cords and sample tube passed 
through. 
Final Assembly 
The diameter of the pump housing required the use of a 6.4-cm (2.5") 
diameter schedule 80 riser pipe. A 5.1-cm (2.0") nipple and a 6.4-cm (2.5") to 
5.1-cm (2.0") reducing coupler were attached to the 5.1-cm (2.0") coupler on the 
top plate. The 6.4-cm (2.5") riser pipe was then attached to the reducing coupler 





















All threaded connections that were to remain permanently connected were 
assembled using Teflon™ thread sealing tape and medium strength (blue) liquid 
thread locker. This included all threaded connections except the nipple which 
connected the pump housing to the sand point in the top plate; this connection 
was assembled with Teflon™ thread sealing tape only, to allow the pump 
housing to be removed for pump maintenance if necessary. 
Construction Time and Costs 
Construction time for the M-ISM, not including the optional pump housing 
assembly, was less than that of the 0-ISM because the sand point required no 
preassembly before being attached to the top plate. The three screens of the 0-
ISM required approximately 5 hours of construction time to cut the screen 
material to size, assemble the screens, and drill holes into the top plate of the 0-
ISM so the screens could be bolted on. The optional pump housing used on the 
M-ISM required approximately 8 hours of construction time. 
In general the cost of the material used to build the 0-ISM and the M-ISM 
was approximately the same because the cost of the sand point used in the M-
ISM approximated the cost of the material used to make the three screens used 
in the 0-ISM. The material for the optional dedicated pump and the associated 
pump housing is an added cost of approximately $200, if used as on the M-ISM. 
ISM Installation and Tracer Test Initiation 
The M-ISM and 0-ISM were installed in the Karlsruhe aquifer near 
Karlsruhe, ND (see Figure 5) in late June, 2003. The Karlsruhe aquifer is a 51.8 
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sandy gravel. It has an average thickness of 7.6 m (25 ft) (Randich, 1981 ). The 
township and range coordinates for the 0-ISM site are 153-77-8DDA. The 0-
ISM was installed at a depth of approximately 21 feet below the ground surface. 
The water table at this site was approximately 13 feet below the ground surface. 
The sediments at the 0-ISM site were observed to be relatively course, 
consisting of gravel with sand and a few larger cobbles mixed throughout. The 
sediment was red in color indicating an iron rich environment. 
The township and range coordinates for the M-ISM site are 154-77-
33DDD. Due to budget constraints and the high cost of excavation, the M-ISM 
was not tested in a deep installation. Instead the M-ISM was installed at a depth 
of 16 feet below the ground surface. The water table at the site was 
approximately 6 feet below the ground surface and the sediments were observed 
to consist of clean, medium grained sand. As the excavation neared the water 
table the color of the sediment changed from a slightly red color to a grayish 
color indicating a reducing environment. 
In early August, 2003, we returned to purge the ISMs and to initiate tracer 
tests for denitrification. The ISMs were purged by pumping out approximately 
three pore volumes (185 L) of groundwater and wasting it down gradient of the 
ISM. This was done to ensure that only native groundwater occupied the pore 
space in the ISM chamber because water from another well was used during the 
installation of the ISMs. During the purging process the submersible pump on 
the M-ISM was run at different settings on the rheostat dial to determine its 





















determined that the minimum setting that would produce water was 
approximately 2.5. At the maximum setting (5), the pump produced water at 3.3 
Umin. To prevent the possible formation of preferential flow paths, the majority 
of the purging was done at a setting of 3.5 on the rheostat dial, which 
corresponded to a pumping rate of approximately 1.8 Umin. 
To initiate the tracer test, approximately 80 L of groundwater water were 
pumped from the ISM into a reservoir and amended with sodium nitrate (NaN03) 
and sodium bromide (NaBr). The bromide was added to serve as a conservative 
tracer to estimate dilution of the amended water with native groundwater in the 
ISMs (Schlag, 1999; Korom et al., in review). This solution was then stirred 
about every 15 minutes while it was siphoned back into the ISMs. 
After amendment, the ISMs were rested for approximately one month. 
After this time an ISM groundwater sampling routine was started in which 
samples were collected about every two months starting at the end of August, 
2003 and ending in June, 2004. Full descriptions of ISM installation, tracer test 
initiation, and sampling procedures as well as sample analysis procedures are 





















RES UL TS AND DISCUSSION 
Sand Point Performance 
One concern regarding the sand point was that the relatively small surface 
area of the screens might become clogged with fine sediment, thus restricting or 
stopping the flow of water during pumping events. A test of the maximum 
pumping rate after the last sampling event on May 24, 2004 gave a value of 2.5 
Umin. This corresponds to a 24% (0.8 Umin) decline in maximum pumping rate 
from the rate determined during the purging process (3.3 Umin) at the beginning 
of the study. However, it was later determined that this decline in pumping rate 
was due to the two different power sources used for the two pumping rate tests. 
As a result, it was concluded that any clogging of the sand point screens was 
minimal, if existent at all. 
Unfiltered samples from the M-ISM had low turbidity (see analytical results 
in Appendix A) and contained no sand sized sediment, indicating that the 
screens in the sand point were filtering adequately. The installation and testing 
of an ISM with a sand point at a finer grained site, such as those studied in the 
Elk Valley aquifer by Schlag (1999) and others, may prove more diagnostic of the 





















Submersible Pump Performance 
The submersible pump on the M-ISM functioned without incident for about 
the first five months of the tracer test. During purging and amendment 
procedures it was found that at the maximum controller setting (5), the 
submersible pump produced water at a rate of 3.3 Umin. A graph of pumping 
rate data advertised by ProActive Industries {Appendix B) indicates that the 
average maximum pumping rate of the Mini-Typhoon TM at 16 feet of lift is 
approximately 7.5 Umin. Therefore the maximum pumping rate of the 
submersible pump in the M-ISM is 56% lower than the advertised maximum rate. 
This is likely due to head loss caused by a restriction of flow through the small 
screen surface area of the sand point, suction lift from the sand point to the pump 
inlet, and friction losses in the discharge tubing. The table of pumping rate data 
in Appendix B indicates that the Mini-Typhoon™ has a maximum lift of 43 feet. 
However, because of head loss, the effective maximum lift of the pump in the M-
ISM is significantly less than 43 feet. Consequently, the maximum depth of 
installation for the M-ISM using the Mini-Typhoon TM model pump is significantly 
less than 43 feet below the ground surface. However, the maximum installation 
depth could be increased by using a more powerful pump and using discharge 
tubing that has the same inside diameter as the pump outlet to reduce head loss. 
Despite the apparent head loss, the submersible pump produced water at 
a maximum rate that was seven times faster than our peristaltic pump at the 
depth of the M-ISM {16 feet). To prevent the formation of preferential 'flow 





















over 3.5 times faster than the pumping rate of our peristaltic pump which has a 
maximum pumping rate of about 0.5 Umin at 16 feet (the depth of the M-ISM). 
The ability to purge at the higher rate with the submersible pump saved nearly 5 
hours of time versus purging with the slower peristaltic pump. 
The first two sampling events (8-25-2003 and 10-20-2003) were also done 
using the submersible pump. The samples were taken at the minimum setting on 
the pump controller that would produce water (about 2.5) to minimize the 
chances of cavitation and reduce pump heating, which could potentially de-gas 
the water sample. When a 0.45 micron inline filter was added to the sample 
tube, the pump speed had to be increased by moving the controller dial to 
approximately 2.8 to allow water to be pushed through the filter. 
At the third sampling event (11-19-2003) the submersible pump did not 
function. Attempts to turn it on and to adjust its speed with the controller yielded 
no response from the pump. Though the pump did not function, its flow-through 
design allowed the water samples to be taken using a peristaltic pump from the 
surface. Therefore, the next three sampling events (12-22-2003, 2-18-2004, and 
3-23-2004) were conducted using a peristaltic pump. After the March sampling 
event (3-23-2004), it was determined that the cause of the submersible pump 
malfunction was a blown fuse in the pump controller. The fuse was replaced and 
the pump worked normally again. Therefore, the samples taken on 5-24-2004 
were taken using the submersible pump. In addition, the pump continued to work 





















Although it would have been preferable to use the submersible pump for 
every sampling event, the malfunction allowed for comparison of water quality 
analytical results between water samples taken from the M-ISM with a peristaltic 
pump and the submersible pump. There were no apparent trend deviations in 
water quality associated with the use of the peristaltic pump versus the 
submersible pump. Thus, the objective to determine if the modifications made to 
the M-ISM would affect tracer test performance is met with respect to the 
submersible pump. 
In Situ Tracer Test 
Denitrification 
The four requirements for denitrification are: (1) the availability of N oxides 
as terminal electron acceptors, (2) the presence of denitrifying bacteria, (3) the 
availability of suitable electron donors, and (4) anaerobic or reducing conditions 
(Korom, 1992). Because we are amending the ISMs with sodium nitrate, we 
know that the first requirement is met. The presence of denitrifying bacteria is 
assumed in this study. The availability of electron donors was determined by the 
geochemical analyses of soil samples from the sites in research conducted by T. 
Tesfay (personal communication, June, 2004). Preliminary results of the 
geochemical analyses for all of the sites in the ISM network are shown in 
Appendix C. The analysis shows that the 0-ISM sediments contain 0.252% 
sulfide, 0.245% ferrous iron (amorphous), and 0.051 % organic carbon by weight. 





















(amorphous), and 0.017% organic carbon. The availability of these electron 
donors to biogeochemical reactions is unknown. 
The fourth and final requirement for denitrification, reducing conditions, 
was determined based on a combination of observations and analyses. During 
the installation of the M-ISM there was a noticeable change in the color of the 
sediments from reddish colored to grayish colored near the water table 
(approximately 6 feet below the ground surface), indicating reducing conditions. 
Also, the presence of reduced (ferrous) iron in the geochemical analysis of T. 
Tesfay (personal communication, June, 2004) indicates that the conditions were 
reducing at the depth of the M-ISM (approximately 16 feet below ground 
surface). Reducing conditions indicated by changes in sediment color were less 
apparent during the installation of the 0-ISM; however, the geochemical analysis 
of T. Tesfay (personal communication, June, 2004) shows an abundance of 
reduced iron. 
Having established that the conditions at the two sites had potential for 
denitrification, it had to be determined if denitrification did indeed occur, and if so, 
what electron donors took part in the denitrification reactions. The method used 
in Schlag (1999) and Korom et al. (in review) was to observe trends in the 
concentrations of analytes given in the water sample analysis results and match 
those trends to the reactants and products of known denitrification reactions. In 
this way, it was possible for them to estimate what reactions were occurring. The 
trends and corresponding reactions were then used as evidence for or against 




Table 1. Major cations and anions in the 0-ISM. 
I Sampling Na+ Mg2+ K+ Ca2+ Diss. Mn Diss. Fe 
Date mmol/L mmol/L mmol/L mmol/L ~mol/L ~mol/L 
I 08/25/03 15.1 1.82 0.263 1.51 7.94 < 0.179 
10/20/03 14.6 1.90 0.276 1.55 11.1 0.358 
I 12/22/03 13.1 1.71 0.253 1.46 8.48 0.197 
I 
03/23/04 13.2 1.77 0.266 1.52 10.2 0.233 
06/01/04 12.4 1.74 0.258 1.49 10.2 0.251 
I 
Sampling Br" NQ3--N SQ42- IC QC 
I Date mmol/L mmol/L mmol/L mmol/L mmol/L 
08/25/03 0.561 5.33 0.451 2.79 0.603 
I 10/20/03 0.507 4.82 0.482 2.63 0.560 
I 
12/22/03 0.466 4.33 0.479 2.92 0.326 
03/23/04 0.338 3.29 0.476 3.03 0.077 
I 06/01/04 0.369 3.29 0.577 2.80 0.556 
I 
Diss. Mn is presumed to be dissolved Mn2+ 
Diss. Fe is presumed to be dissolved Fe2+ 
IC = dissolved inorganic carbon 









Table 2. Major cations and anions in the M-ISM. 
I Sampling Na+ Mg2+ K+ Ca2+ Diss. Mn Diss. Fe 
Date mmol/L mmol/L mmol/L mmol/L ~mol/L ~mol/L 
I 08/25/03 8.48 1.70 0.14 2.62 15.1 0.179 
I 
10/20/03 7.66 1.56 0.15 2.40 15.6 < 0.179 
11/19/03 6.83 1.44 0.15 2.20 13.9 0.358 
I 12/22/03 5.96 1.33 0.14 2.05 13.2 < 0.179 02/18/04 5.83 1.42 0.15 2.17 13.9 0.233 
I 03/23/04 5.48 1.39 0.15 2.12 13.5 < 0.179 
05/24/04 4.87 1.38 0.14 2.10 13.4 0.304 
I 
I Sampling 8( 
N03--N so/· IC oc 
Date mmol/L mmol/L mmol/L mmol/L mmol/L 
I 08/25/03 0.637 6.30 1.19 1.51 0.19 10/20/03 0.602 5.25 1.22 1.51 0.07 
I 11/19/03 0.482 3.63 1.29 1.50 0.26 
12/22/03 0.457 3.08 1.23 1.52 0.13 
I 02/18/04 0.413 2.43 1.20 1.53 0.02 
03/23/04 0.299 1.45 1.25 1.61 0.07 
I 05/24/04 0.283 1.24 1.26 1.49 0.20 
I Diss. Mn is presumed to be dissolved Mn
2+ 
Diss. Fe is presumed to be dissolved Fe2+ 
I 
IC = dissolved inorganic carbon 
























the analytes for the water samples taken from the 0-ISM and M-ISM are 
described below. Reactions representing these trends are presented and used 
as evidence for or against the occurrence of denitrification and the associated 
electron donors at the 0-ISM and M-ISM sites. 
0-/SM 
Over the course of the study, five sets of water samples were taken from 
the 0-ISM. Table 1 shows a summary of the analytical results for major cations 
and anions in the 0-ISM from the comprehensive analyses given in Appendix A. 
The results show that the B( concentration in the 0-ISM decreased from 0.561 
mmol/L (44.8 mg/L) to 0.345 mmol/L (27.6 mg/L) in 211 days. Table 1 also 
shows that the N03--N concentration in the 0-ISM decreased from 5.33 mmol/L 
{74.6 mg/L) to 3.33 mmol/L {46.7 mg/L) in 211 days. Within analytical error{± 
3% ), the decrease in the normalized B( concentration was identical to the 
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decrease in the normalized N03--N concentration in the 0-ISM, as shown in 
Figure 6. Consequently, there does not appear to be any decrease in N03--N 
concentration beyond that explained by dilution as measured by the bromide 
tracer. Therefore, I conclude that there was no denitrification detected in the 0-
ISM. 
M-/SM 
Seven sets of water samples were taken from the M-ISM during the 273 
days of the study. A summary of the analytical results given in Appendix A for 
major cations and anions in the M-ISM is shown in Table 2. The results show 
that the B( concentration in the M-ISM decreased from 0.637 mmol/L (50.9 
mg/L) to 0.283 mmol/L (22.6 mg/L) in 273 days. Table 2 also shows that the 
N03 -N concentration in the M-ISM decreased from 6.30 mmol/L (88.3 mg/L) to 
1.24 mmol/L (17.4 mg/L) 273 days. A graph of the normalized concentrations of 
-+- Bromide -o- Nitrate-N 
C: 
1.2 0 
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Br" and N03--N in the M-ISM (Figure 7) shows that there is a decrease in N03--N 
concentration beyond that explained by dilution of the bromide tracer. 
The actual loss of N03--N, beyond that explained by dilution, was 1.56 
mmol/L (21.8 mg/L). Calculating an average denitrification rate from this value 
gives 5.71 µmol/L/day (0.080 mg/L/day). Figure 8 shows the amount of N03 -N 
lost per sampling event which has been corrected for dilution using the Br" tracer. 
The slope of the regression gives an average denitrification rate of 5.28 
µmol/L/day (0.07 4 mg/L/day), which agrees closely with the calculated value. 
However r2 = 0.70 for this regression. For comparison, Figure 9 shows the N03-
N loss per sampling event, corrected for dilution, as a first-order reaction [as 
given by Haggerty et al. (1998), Equation 1 O]. The r2 = 0.99 for this regression, 
indicating that the apparent denitrification follows first-order kinetics, and is 
dependent on N03--N concentration. The slope of the regression in Figure 9 
shows a first-order denitrification rate constant of 0.0031/day. Explanations of 
zero-order and first-order reactions are given in Appendix D. 
The major cations analyzed in the water samples taken from the M-ISM 
(Table 2) include Na+, Mg2+, K+, Mn2+, and Ca2+. The changes in their 
normalized concentrations throughout the study are shown in Figure 10. All of 
these cations exhibit temporal trends which are attributed to dilution, 
precipitation, and cation exchange. Dilution and precipitation and their possible 
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Figure 10. Trends in major cation concentrations in the M-ISM. 
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2+) is not included in Figure 10 because its concentration remained 
relatively low(~ 0.360 µmol/L) throughout the study. However, this consistently 
low concentration is an important indicator of denitrification and is also discussed 
later in this paper. 
The major anions from Table 2 include IC (assumed to be as HC03-), 
so/-, N03-, and Bf and their normalized concentrations in the M-ISM throughout 
the study are shown in Figure 11. As shown, the DIC concentration remained 
relatively steady over the course of the study, the S04 
2
- concentration showed a 
slightly increasing trend, and the Bf and N03--N concentrations show a 
decreasing trend until the end of the study. 
If the decrease in N03-N beyond that explained by dilution is due to 
denitrification, there should be evidence of one or more contributing electron 
donors present in the trend analysis. The three most likely electron donors are: 
. 2+ 2+ 
organic carbon (OC), sulfide, and metals such as Fe and Mn (Korom, 1992). 
Nitrate may be denitrified heterotrophically by QC according to the 
following reaction given in Korom et al. (in review) 
(1) 
which results in the production of CO2, or inorganic carbon (IC). The dominant 
form of IC at pH values ranging from 6.5 to 8.3 is HC03- (Drever, 1997). Lab 
values of pH taken for each sample set indicate that the pH of the samples from 
the M-ISM ranged from 7.35 to 7.58. Therefore, the IC produced by reaction (1) 
will be considered to be in the form of HC03-. The IC in the M-ISM showed no 





















{1) is being precipitated out so that an increased concentration in the water is not 
seen. 
A water quality modeling program known as PHREEQC (Parkhurst and 
Appelo, 1999) was used to determine the saturation index {SI) of associated 
minerals in the M-ISM where 
SI = log (ion activitiy product/ equilibrium constant) 
An SI < 0 for a given mineral indicates that the water is undersaturated with 
(2) 
respect to the mineral and dissolution is possible. An SI > 0 for a given mineral 
indicates that the water is supersaturated with respect to that mineral and 
precipitation is possible. 
The SI for a mineral containing inorganic carbon is shown in Figure 12 for 
the duration of the study. The figure shows that the carbonate mineral calcite, if 
present, would be supersaturated in the M-ISM and would thus be capable of 
precipitating out of solution. Therefore, it is possible that organic carbon 
-a- Calcite {CaC03) 
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contributed more to denitrification than can be shown by the observed increase in 
IC in the M-ISM. Figure 1 O shows that Ca2+ and Mg2+ concentrations in the M-
ISM decreased at virtually the same rate throughout the study. This suggests 
that additional IC produced by reaction ( 1) may have precipitated out as a 
magnesian calcite (CaC03) as reported by Schlag (1999) and Korom et al. (in 
review). Table 2 shows a decrease in concentration of 0.52 mmol/L for Ca2+ and 
0.32 mmol/L for Mg2+. This equates to 0.84 mmol/L of IC, which by reaction (1 ), 
could account for approximately 67% of the N03--N denitrified. However, based 
on the lower rate of Na+ disappearance compared to B( dilution, it is also 
possible that the decrease in the concentrations of Ca2+ and Mg2+ is partially due 
to cation exchange with Na+_ Therefore, the amount of nitrate denitrified by OC 
is s 67%. 
Nitrate may also be denitrified by autotrophic processes in which bacteria 
use inorganic material for energy (Korom, 1992). An autotrophic reaction in 
which nitrate is denitrified by sulfide and ferrous iron in the form of pyrite (FeS2) is 
given in Schlag (1999) 
2 FeS2 + 6 N03- + 2 H20 = 3 N2 + 2 FeOOH + 4 so/· + 2 H+ (3) 
Denitrification by reaction (3) would result in an increase in so/· concentration in 
the M-ISM as long as sulfate minerals were not precipitating out. The Sis for 
sulfate containing minerals (Figure 13) indicate that the water in the M-ISM would 
be undersaturated with respect to gypsum (CaS04), but supersaturated with 
respect to barite (BaS04). The concentration of barium (Ba2+) in the M-ISM 
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Figure 13. Saturation indices for sulfate minerals in the M-ISM. 
reduction in so/- by barite precipitation; any other so/- produced by reaction 
(3) would be expected to stay in solution. Table 2 shows that the concentration 
of so/- in the M-ISM increased by 0.07 mmol/L which by reaction (2) accounts 
for approximately 7% of the N03--N denitrified. The Fe2+ in pyrite (FeS2) 
contributes 1/15 of the denitrification caused by pyrite in reaction (3) (Korom et 
al., in review) and would therefore be responsible for another 0.47% of the nitrate 
denitrified. 
The remaining likely electron donors are the metals Fe2+ and Mn2+. The 
Mn2+ concentration displayed a decreasing trend, which is consistent with 
participation in denitrification reactions. However, the total Mn2+ decrease was 
only 1. 70 µmol/L (0.096 mg/L), which would account for virtually no denitrification 
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Figure 14. Saturation indices for siderite in the M-ISM. 
Fe2+ concentrations were near or below detection limits for the duration of 
the tracer test (see Table 2). Because soil samples 'from the site were found to 
contain Fe2+ (0.094% amorphous), Fe2+ concentrations in the M-ISM water could 
be expected to be higher than was observed, suggesting precipitation or 
participation in denitrification. Sis for the Fe2+ mineral siderite (Figure 14) show 
that the water in the M-ISM was undersaturated with respect to siderite (FeCQ3) 
for the entire tracer test, indicating that any Fe2+ going into solution would likely 
remain there. Therefore, it is likely that the consistently low Fe2+ concentration in 
the M-ISM water is explained by its participation in denitrification as suggested by 
Korom (1992). Denitrification by Fe2+ can occur by the following equation given 
in Schlag (1999) 
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Figure 15. Saturation indices for ferric iron minerals in the M-ISM. 
Sis for Fe3+ containing minerals (Figure 15) show that the M-ISM was 
supersaturated with respect to iron hydroxide [Fe(OH)J] and highly 
supersaturated with respect to geothite {FeOOH) throughout the study. This 
supports denitrification by Fe2+ according to reaction (4) and may explain the 
remaining N03--N denitrified in the M-ISM. 
A comparison of the zero-order rate of denitrification in the M-ISM with the 
zero-order denitrification rates of other ISMs in the network is shown in Figure 
16. It shows that the tracer test in the M-ISM produced a relatively high rate of 
denitrification; only the denitrification rate at the Larimore site is greater. 
Concomitantly, the geochemical analyses. given in Appendix C, show that the M-
ISM sediments contain a relatively high amount of total electron donors. This 
suggests that the relatively high rate of denitrification observed in the M-ISM may 





















.$ 0.2 co 
0::: -





:S E 0.05 ·--C: 
(I) 0 Cl 
ISM Site 
Figure 16. Comparison of zero-order denitrification rates of ISMs in the network. 
Dilution 
The average rates of dilution are high in the 0-ISM and M-ISM compared 
to the average rate of dilution of the other research ISMs in the network. The 
average rate of bromide dilution for all research ISMs in the network is about 
0.04 mg/L/day. Figure 17 shows the bromide dilution rate of the 0-ISM, the M-
ISM and the average bromide dilution rate of all other research ISMs in the 
network. It shows that the sample-to-sample bromide dilution rate in the 0-ISM 
is higher than the average bromide dilution rate, but remained inside the 95% 
confidence interval of the average bromide dilution rate for all other research 
ISMs in the network. Figure 17 also shows that the bromide dilution rate in the 
M-ISM is well above the average bromide dilution rate for research ISMs. 
Leakage 
The M-ISM dilution rate is most closely matched by the Larimore 1 ISM, 
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study. Schlag {1999} states that the reason for the high rate of dilution in the R-
ISM during his tracer test was a leak that was discovered in one of the pipe 
connections. To determine if the M-ISM was leaking, the 1.9-cm {0.75") inner 
riser pipe was checked for tightness during the last sampling event {5-24-2004}. 
The pipe was only able to be tightened less than % turn, and was not a likely 
source for a leak. 
Next, the annular space between the inner 1.9-cm {0.75") riser pipe and 
the outer 6.4-cm {2.5"} riser pipe was checked for water. It was found be filled 
with approximately 6 feet of water. To determine the origin of the water, filtered 
samples were taken at both the top and the bottom of the water column in the 
riser pipe. These samples were analyzed for both Br" and N03--N content. The 
results of the analysis {Appendix E} show that the Bf and N03--N concentrations 
were significantly less than 5 mg/L, indicating that the water did not come from 
within the M-ISM. The top of the riser pipes were protected from infiltration by 
rainwater by a 4 inch PVC protective casing. Therefore, the most likely source of 
this water is groundwater entering the outer 6.4-cm {2.5") riser pipe through the 
connection at the coupler on the top of the ISM chamber. 
It is unlikely that the water in the annular space contaminated any of the 
amended water in the M-ISM because all the connections in the 1.9-cm {0.75") 
inner riser pipe were sealed with Teflon TM thread sealing tape. In addition, the 
water pressure within the 1.9-cm {0.75") inner riser pipe and pump housing would 
be equal to the water pressure in the annular space. Thus, there would be no 





















existed. Because the water in the annular space was determined to be 
groundwater and it is unlikely that it entered the M-ISM chamber, it was 
concluded that a leak was not the cause of the high dilution rate in the M-ISM. 
Sediment Texture 
Because dilution is relatively high in both the 0-ISM and the M-ISM, it was 
hypothesized that the dilution rate may be affected by the grain size distribution 
of the sediments in which they are installed. The results of the textural analysis 
of sediments from each ISM site conducted by T. Tesfay (personal 
communication, June, 2004) (Appendix C) show that the sediments at the 0-ISM 
site and the M-ISM site are relatively course. At the 0-ISM site, 98.2% of the 
sediment by weight is sand sized or greater, with 24.8% gravel. At the M-ISM 
site 97. 7% of the sediment by weight is sand sized or greater, with 8.8% gravel. 
To investigate the relationship between the dilution rates of bromide in 
IS Ms and the grain size of the aquifer sediments, the average dilution rates of 
each research ISM in the network were plotted against the effective grain size, 
percent sand, and percent clay of the sediments at their respective sites. A 
graph of the average rates of dilution versus the effective grain size (d10) of 
aquifer sediments for all ISMs in the network (Appendix F) shows little apparent 
relationship between the effective grain size of aquifer sediments and the rate of 
dilution of bromide. Likewise, a graph of the average rates of bromide dilution 
versus the percent sand content of aquifer sediments for all ISMs in the network 
(Appendix F) also shows little apparent relationship between the sand content of 





















Finally, a graph of the average bromide dilution rate versus percent clay 
content of aquifer sediments for all ISMs in the network (Appendix F) shows a 
weak relationship (r2 = 0.19) between the clay content of the sediment and the 
average rate of dilution; specifically the higher the clay content, the lower the 
bromide dilution rate. Though this relationship is weak, it does agree with the 
high dilution rates at the 0-ISM and M-ISM sites, as the clay contents in the 
sediments at these sites are among the lowest in the ISM network. However, the 
clay contents at the 0-ISM and M-ISM sites are not significantly lower than the 
clay contents at other ISM sites with much lower bromide dilution rates. This 
suggests that sediment size is not a significant factor in the rate of dilution. 
M-ISM Design 
The most significant difference in design between the M-ISM and all other 
ISMs in the network is the replacement of the three screens in the upper part of 
the chamber with a sand point. This design difference seems to be the most 
likely reason for the increase in dilution rate in the M-ISM. To investigate this 
possibility, a review of the two designs is helpful. 
The three screens in the top part of the original ISM chamber are 
designed to allow water to be sampled from the entire diameter of the ISM 
(Schlag, 1999). Ideally, during the injection of the amended water at the initiation 
of the tracer test, these three screens would also allow the amended water to 
spread across the inside diameter at the top of the chamber, promoting plug flow. 
This spreading behavior could be aided by the existence of a layer of clay and silt 





















excavation during the installation of the ISM. Ideally, this plug of amended water 
would continuously fill the ISM chamber, forcing the unamended water out the 
open chamber bottom. In reality, however, there is mixing of the amended and 
native groundwater in the original ISM chamber during amendment. 
Because the sand point in the modified ISM does not span the diameter of 
the chamber, it may not allow the incoming amended water to form plug flow, 
therefore letting more unamended water stay in the chamber to dilute the 
amended water. In addition, the sand point may be long enough to penetrate 
through the fine layer of sediment thought to be deposited during the excavation 
of the hole for the ISM, and may be located in the sand of the aquifer. This sand 
would likely have a greater hydraulic conductivity than the finer sediments at the 
top of the chamber and would promote greater mechanical dispersion during the 
amendment process, resulting in more mixing of the amended and unamended 
waters. Furthermore, the continued high rate of dilution after amendment may be 
the result of the formation of preferential flow paths. More testing is needed to 
confirm that the modified design is responsible for the high rate of dilution and 





















SUMMARY AND CONCLUSIONS 
This study presented an ISM based on the original ISM design given in 
Schlag (1999) and Korom et al. (in review), but with two modifications: 
(1) A 6-inch sand point was used in the modified design in place of the three 
screens in the main chamber of the original design to simplify the 
construction of the ISM by reducing the material and time required for 
construction. 
(2) A dedicated submersible pump was added to the top of the modified ISM 
main chamber to allow the modified ISM to be used in deeper applications 
than those attainable with a peristaltic pump. 
The objective was to determine if these modifications would adversely affect 
tracer test performance. 
The use of the sand point in the new design of the M-ISM saved 
approximately 5 hours of construction time compared to the 0-ISM which used 
the three-screen assembly of the original design. The cost difference between 
the two designs was negligible. 
Although the M-ISM was not tested in a deep application due to 
installation costs, the submersible pump performed well at 16 feet below the 
ground surface. The only malfunction experienced throughout the study 





















function. Once discovered, this problem was easily repaired and the pump 
performed satisfactorily for the remainder of the tracer test, and through the 
initiation of a second tracer test A test of the maximum pumping rate of the M-
ISM showed that there was significant head loss through the sand point and 
tubing of the M-ISM. Although the performance of the submersible pump was 
lower than expected, it did allow the successful collection of groundwater 
samples from the M-ISM. With proper testing and sizing, a dedicated 
submersible pump will allow an ISM to be used at depths greater than 25 feet 
The analytical results from the M-ISM show that the denitrification and 
dilution rates in the M-ISM were relatively high compared to the other research 
ISMs in the network. The analytical results suggest that organic carbon and 
ferrous iron were the most prolific electron donors at the M-ISM site, while sulfide 
was a minor electron donor. The relatively high rate of dilution in the M-ISM may 
be attributed to the geometry of the sand point However, the high rate of dilution 
did not affect the results of the tracer test and good denitrification data were 
collected. 
In conclusion, the modified ISM design with the optional dedicated 
submersible pump successfully performed its intended duties. The installation of 
an ISM of the modified design in a deep installation is needed to test its true 
capabilities. The limiting factor in performing these deeper tests is likely to be the 
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Table 3. Analytical results for the 0-ISM. 
Na Mg K Ca Mn Fe NH3-N Lab Field 
m~l'L mg/L mg/L mg/L mg/L m9/L m9/L eH eH 
Date 
08/25/03 346 44.3 10.3 60.5 0.439 < 0.010 < 0.010 7.59 7.39 
10/20/03 336 46.2 10.8 62.0 0.609 0.020 < 0.010 7.63 8.31 
12/22/03 301 41.5 9.90 58.6 0.466 0.011 < 0.010 7.62 7.65 
03/23/04 304 43.0 10.4 61.0 0.563 0.013 < 0.010 7.73 7.75 
06/01/04 284 42.3 10.1 59.6 0.558 0.014 < 0.010 7.86 7.42 
NDDH WQL NDDH WQL NDDH WQL 
F Cl Cl HC03 C03 S04 S04 N03-N02-N N03-N 
m9/L mg/L m9/L mg/L mg/L m9/L mg/L mg/L mg/L 
Date 
08/25/03 0.089 12.9 832 < 1 58.0 43.3 78.0 74.6 
~ 10/20/03 0.092 12.4 12.1 847 < 1 48.9 46.3 61.9 67.5 ~ 
12/22/03 0.103 13.2 12.0 878 < 1 47.5 46.0 64.2 60.6 
03/23/04 0.105 13.0 10.1 891 < 1 49.8 45.7 45.9 46.1 
06/01/04 0.084 12.4 874 <1 50.5 55.4 39.2 46.1 
Br Be B Al Cr Ni Cu Zn As 
mg/L mg/L mg/L mg/L mg/L mj;JIL mg/L mg/L mg/L 
Date 
08/25/03 44.8 < 1.00 366 < 50 9.07 16.4 3.12 34.3 1.2 
10/20/03 40.5 < 1.00 317 < 50 8.45 21.9 3.53 38.2 1.4 
12/22/03 37.2 < 1.00 346 <50 < 1.00 6.53 5.41 6.00 1.2 
03/23/04 27.0 < 1.00 345 <50 33.5 5.19 4.90 2.23 1.6 
06/01/04 29.5 < 1.00 337 < 50 5.35 5.56 5.00 3.51 1.2 
-------------------
Table 3 cont. 
Se Ag Cd Sb Ba Tl Pb Total P OH 
mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L 
Date 
08/25/03 < 1.0 < 1.00 < 1.00 < 1.00 193 < 1.00 < 1.00 < 0.004 < 1 
10/20/03 < 1.0 1.23 < 1.00 < 1.00 195 < 1.00 < 1.00 < 0.004 <1 
12/22/03 < 1.0 < 1.00 1.41 < 1.00 175 < 1.00 < 1.00 < 0.004 < 1 
03/23/04 < 1.0 < 1.00 < 1.00 < 1.00 211 < 1.00 < 1.00 0.045 < 1 
06/01/04 < 1.0 < 1.00 < 1.00 < 1.00 197 < 1.00 < 1.00 0.032 < 1 
T.Alk. Lab Field T. Hard. 
Si02 CaC03 Conduct. Conduct. CaC03 T. Hard. Turbidity %Na 
mg/L mg/L mmhos/cm mmhos/cm mg/L gr/gal NTU % SAR 
Date 
08/25/03 21.7 682 1960 334 19 1.70 68.4 8.24 
.,::.. 10/20/03 21.7 694 1890 1702 345 20 < 1.00 67.0 7.86 (.11 
12/22/03 20.2 720 1830 1744 317 19 1.20 66.4 7.35 
03/23/04 21.4 730 1770 329 19 < 1.00 65.8 7.28 
06/01/04 20.3 716 1720 1614 323 19 < 1.00 64.7 6.87 
Dissolved Inorganic Organic Total 
Solids Carbon Carbon Carbon 
mg/L mg/L mg/L mg/L 
Date 
08/25/03 1290 170.0 18.1 188.1 
10/20/03 1210 160.4 16.8 177.2 
12/22/03 1190 177.9 9.8 187.7 
03/23/04 1130 184.7 2.3 187.0 
06/01/04 1070 170.9 16.7 187.7 
Blank= not analyzed 
-------------------
Table 4. Anal}1ical results for the M-ISM. 
Na Mg K Ca Mn Fe NH3-N Lab Field 
mg/L mg/L mg/L mg/L mg/L mg/L mg/L eH eH 
Date 
08/25/03 195 41.2 5.4 105 0.832 0.010 0.118 7.50 7.56 
10/20/03 176 37.9 5.9 96.3 0.855 < 0.010 7.58 7.95 
11/19/03 157 34.9 6.0 88.0 0.765 0.020 0.113 7.50 6.12 
12/22/03 137 32.3 5.4 82.0 0.723 < 0.010 < 0.010 7.53 7.70 
02/18/04 134 34.4 5.8 87.0 0.765 0.013 < 0.010 7.47 7.74 
03/23/04 126 33.8 5.7 85.1 0.743 < 0.010 0.018 7.67 7.71 
05/24/04 112 33.5 5.6 84.3 0.736 0.017 < 0.010 7.35 7.62 
.J:,. NDDH NDDH WQL NDDH WQL 
O'.) 
F Cl HC03 C03 S04 S04 N03-N02-N N03-N Br 
mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L 
Date 
08/25/03 0.095 5.25 463 < 1 114 109 86.4 88.3 50.9 
10/20/03 0.108 4.76 466 < 1 117 110 73.5 48.1 
11/19/03 0.119 4.90 456 < 1 124 119 51.5 45.0 34.3 
12/22/03 0.118 5.04 464 < 1 118 118 44.2 43.1 36.5 
02/18/04 0.108 4.69 477 <1 115 134 29.4 34.0 33.0 
03/23/04 0.115 4.87 471 < 1 120 140 24.0 20.3 23.9 
05/24/04 0.091 4.37 471 < 1 121 139 17.1 17.4 22.6 
-------------------
Table 4 cont. 
Be B Al Cr Ni Cu Zn As Se 
mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L 
Date 
08/25/03 < 1.00 81 < 50 2.94 6.35 1.76 4.55 < 1.0 < 1.0 
10/20/03 < 1.00 < 50 < 50 4.15 4.05 < 1.00 1.75 < 1.0 < 1.0 
11/19/03 < 1.00 75 < 50 5.33 4.78 4.48 < 1.00 < 1.0 < 1.0 
12/22/03 < 1.00 87 < 50 1.04 3.08 2.38 7.10 < 1.0 < 1.0 
02/18/04 < 1.00 88 < 50 5.80 2.75 2.23 3.01 1.4 < 1.0 
03/23/04 < 1.00 88 < 50 17.9 2.83 1.67 < 1.00 < 1.0 < 1.0 
05/24/04 < 1.00 64 < 50 < 1.00 4.98 1.90 1.06 < 1.0 < 1.0 
~ Ag Cd Sb Ba Tl Pb Total P OH Si02 
""" mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L 
Date 
08/25/03 < 1.00 < 1.00 < 1.00 394 < 1.00 < 1.00 < 0.004 < 1 21.8 
10/20/03 < 1.00 < 1.00 < 1.00 359 < 1.00 < 1.00 < 1 17.8 
11/19/03 < 1.00 1.02 < 1.00 348 < 1.00 < 1.00 0.015 < 1 15.7 
12/22/03 < 1.00 1.42 < 1.00 279 < 1.00 < 1.00 < 0.004 < 1 14.4 
02/18/04 < 1.00 1.17 < 1.00 363 < 1.00 < 1.00 < 0.004 < 1 15.0 
03/23/04 < 1.00 1.02 < 1.00 308 < 1.00 < 1.00 < 0.004 < 1 14.6 
05/24/04 < 1.00 < 1.00 < 1.00 307 < 1.00 < 1.00 < 0.004 < 1 14.0 
-------------------
Table 4 cont. 
T.Alk. Lab Field T. Hard. Dissolved 
CaC03 Conduct. Conduct. CaC03 T. Hard. Turbidity %Na Solids 
mg/L mmhos/cm mmhos/cm mg/L gr/gal NTU % SAR mg/L 
Date 
08/25/03 379 1600 432 25 3.40 49.0 4.08 696 
10/20/03 382 1490 1424 397 23 4.91 48.5 3.84 669 
11/19/03 374 1370 1294 364 21 2.19 47.8 3.58 871 
12/22/03 380 1270 1231 338 20 2.20 46.2 3.24 807 
02/18/04 391 1180 1090 359 21 < 1.00 44.2 3.07 749 
03/23/04 386 1140 352 21 < 1.00 43.2 2.92 716 
05/24/04 386 1090 349 20 < 1.00 40.5 2.61 671 
~ 
(XI 
Inorganic Organic Total 
Carbon Carbon Carbon 
mg/L mg/L mg/L 
Date 
08/25/03 92.2 5.6 97.8 
10/20/03 92.3 2.0 94.3 
11/19/03 91.6 7.7 99.3 
12/22/03 93.0 3.8 96.8 
02/18/04 93.2 0.5 93.7 
03/23/04 98.3 2.2 100.5 
05/24/04 90.7 6.0 96.7 
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y = -0.0026x2 - 0.0989x + 9.795 
R2 = 0.98 
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Lift (ft) 







































Table 5. Geochemical analyses of soil samples from ISM sites (T. Tesfay, 
personal communication, June, 2004). 
Studl site Depth (ft) % Fe2+ (amp) % S(-1) %TOC 
Akeley 15, 17 0.099 0.007 0.024 
Perham-M 13, 15 0.142 0.147 0.011 
Perham-W 14 0.037 0.018 0.023 
Luverne 21.5 - 22.5 0.004 0.023 0.018 
Hamar 18 0.004 0.011 0.041 
Robinson 23.5 0.077 0.024 0.077 
Larimore 16.5 0.142 0.054 0.404 
Karlsruhe-0 21.5 - 22.5 0.245 0.252 0.194 
Karlsruhe-M 16 - 18 0.094 0.194 0.017 
amp= amorphous (non-crystaline) 
TOC = Total Organic Carbon 





















Table 6. Textural analyses of soil samples from ISM sites (T. Tesfay, 
personal communication, June, 2004 ). 
Stud:t site Depth {ft} % Gravel %Sand %Silt % Cla:t 
Akeley 15, 17 0.36 63.33 24.09 12.22 
Perham-M 13, 15 0.04 96.36 0.00 4.44 
Perham-W 14 8.24 88.18 0.00 4.44 
Luverne 21.5-22.5 38.62 51.27 2.33 7.78 
Hamar 18 1.71 89.04 4.80 4.44 
Robinson 23.5 6.99 84.32 2.01 6.69 
Larimore 16.5 0.00 72.96 16.56 10.48 
Karlsruhe-0 21.5 - 22.5 24.76 73.42 0.00 4.44 
Karlsruhe-M 16 -18 8.82 88.89 0.00 3.33 
% = percent by weight 





I APPENDIX D 


































Zero-Order Reaction Rate 
A zero-order reaction is one where the rate of the reaction is independent 
of the concentration of the reactant or product so that the concentration of the 
reactant decreases linearly with time. This is shown mathematically by Reynolds 
and Richards (1996) as 
dC =-k 
dt 






where Co is the initial concentration of the reactant (mg/L), k is the reaction rate 
constant (mg/Uday), and C is the concentration of the reactant (mg/L) at time t 
(days). Equation (6) plots as a straight line on arithmetic graph paper with k as 
the slope of the line. 
First-Order Reaction Rate 
A first-order reaction is one where the rate of reaction is proportional to the 
concentration of one reactant so that the concentration of that reactant 
decreases non-linearly with time. A first-order reaction rate equation given in 




Integrating and rearranging equation (7) gives 





















where C0 , k, t, and Care defined as above. Equation (8) plots as a straight line 
on logarithmic graph paper with k as the slope of the line. 
An equation to find a first-order reaction rate constant, corrected for 
dilution using a tracer, is given in Haggerty et al. (1998) as 
1n(cd J = -kt c,, 
where Cd is the normalized concentration of the reactant, Ctr is the normalized 
concentration of the tracer, and k and tare defined as above. Rearranging 
equation (9) gives 
(9) 
ln(Cd )- ln(C,,.) = -kt (10) 
and rearranging equation (10) gives 
ln(Cd) = ln(C,,. )-kt (11) 
Similar to equation (8), equation (11) plots as a straight line on logarithmic graph 
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Table 7. Analysis results of water from the M-ISM annular space. 
Sampling 8( N03--N so4· 
Date Location {mg/L} (mg/L} (mg/L} 
06/04/04 Top << 5 << 5 41.5 
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Figure 19. Dilution rate versus effective grain size of ISM sediments. 
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